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Abstract 
When new manufacturing techniques, materials, and socket designs are introduced, prosthetic limb consumers may need them 
since the corpus of knowledge currently available for safe fabrication may no longer be relevant. In this paper, the authors 
investigated the influence of dynamic and cyclic loading on the resulting damage and its propagation in natural fiber–rein-
forced polymeric composites utilized in trans-tibial prosthetic sockets experimentally, numerically, and theoretically. Using 
epoxy as the matrix and reinforcements such as perlon, rami, coir, pineapple, glass, and carbon, six groups were formed 
using vacuum pressure. The materials used in the socket above underwent tensile and fatigue testing. Using a finite element 
method, the theoretical section calculated the failure index, fatigue life, volume fraction, and theoretical safety factor. The 
experimental findings allowed us to assess fracture mechanisms during this loading. In addition to the viscoelastic proper-
ties, the kind of reinforcement significantly influences the observed parameters. This study thoroughly examined the criteria 
for natural fiber–reinforced polymer composites for prosthesis purposes, emphasizing efficiency, structural performance, 
environmental effects, financial considerations, and safety factors. The suggested natural fiber–reinforced (NFR) compos-
ites are a practical and environmentally beneficial alternative since they satisfy safety and performance requirements. NFR 
composites are positioned to significantly influence how biomedical engineering is produced in the future as sustainability 
becomes a major design and production priority.
Lay Summary Amputees have yet to utilize prosthetic sockets composed of natural fibers, despite their potential to be created 
from traditional sources. This study successfully designed and evaluated a new prosthetic socket that employs biocompat-
ible and sustainable components to lower the prosthesis's weight and associated expenses while retaining durability under 
cyclic loads.
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Introduction

A prosthesis is a synthetic item that replaces a missing organ, 
including a limb, teeth, eye, or heart valve. Prostheses are fre-
quently utilized to reclaim the appearance and lost functions 

of patients with amputations. According to the World Health 
Assembly, 35–40 million people need assistance, aids, and 
services for prosthetic and orthotic purposes [1].

The seriousness of the condition determines the extent 
of amputation. When resection of the lower limb extends 
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past the ankle, below-knee (BK) amputation is employed. 
When there is proximal illness or negligible wound repair 
following the BK amputation, the above-knee (AK) resec-
tion is often carried out as a follow-up procedure. The ben-
efits of AK amputation involve a bearing weight stump at 
the extremity, improved stability because of the retention of 
the adductor muscle’s insertion [2, 3], streamlined prosthetic 
instrument development due to fewer articulations [4, 5], 
lowering the effort needed to swing a limb when strolling, 
and assisting with sitting equilibrium and moving from bed 
to chair. Furthermore, increased rehabilitative capacity and 
improved postoperative quality of life have been documented 
[4].

A prosthetic socket is an important prosthesis component 
because it links the remaining limb to the prosthetic appa-
ratus. As a result, it must be developed and manufactured 
to ensure proper fit and ease of use. At the same time, a 
lower-limb prosthesis socket is subjected to numerous loads 
owing to the amputee’s body weight and motion. As a result, 
evaluating the functionality of a socket is critical to ensur-
ing adequate durability and strength [1]. The artificial lower 
limb socket must be built to withstand the forces that walk-
ing will inflict on the prosthesis. Furthermore, the design 
should be adjusted to appropriately transmit these stresses 
to parts of varying stiffness, thereby protecting stiffer tissues 
from high pressure and reducing undesirable relative motion 
induced by soft tissue compressing. The market need for 
lower limbs has expanded in quality and quantity [5].

The behavior and endurance characteristics of elements 
composed of polymeric composites that are exposed to 
cyclic stress may be significantly impacted by dissipation 
mechanisms. The majority of the energy lost during this 
procedure is converted to heat. The self-heating phenom-
enon is initiated when heat created during extended cyclic 
deformations is retained inside the material, and the temper-
ature rises due to the limited thermal conductivity of most 
polymers employed in engineering applications. In addition, 
thermal cycling may result in individual fiber layers breaking 
or the composite delaminating [6].

The advancement of industrial technology has resulted in 
a growing need for commercial supplies with specific quali-
ties. Consequently, novel materials with unique features are 
constantly in demand, and as a result, new disciplines of 
composite materials have emerged, particularly in the past 
20 years. The composites have numerous key mechanical 
features, rendering them ideal for various industrial appli-
cations. Polymer composites are widely employed in high-
tech applications such as prosthetics, the aerospace industry, 
automobiles, and sporting goods [7, 8]. The predominant 
prosthetic sockets are fabricated from monolithic thermo-
plastic polymers like polypropylene (PP), which are deficient 
in durability and strength and demonstrate creep, prompt-
ing the adoption of composite materials [9]. Fiberglass and 

carbon are likely the most frequent and inexpensive rein-
forcements among the traditional fibers employed in these 
composites. Despite being one of the thickest fibers, it is 
easy to soak in resin and offers a variety of applications and 
qualities [10].

Various researchers have utilized fibers from plants, such 
as ramie, flax, pineapple, cotton, and banana, to make bio-
based combinations to solve the problems of pricey compos-
ites derived from artificial fibers [11, 12]. Nowadays, there 
are several benefits to using natural fibers as reinforcements 
in composites, including a decrease in materials made from 
non-renewable resources and a less negative impact on the 
environment. These materials have been successfully used as 
hydrogels, scaffolding, matrices, implantation, and delivery 
of drugs, tissue engineering, wound healing, and nanotech-
nology [13]. Because the fibers are derived from renewable 
resources, the reinforcements were injected with either 
epoxy or polyester polymer to create bio-composites. In 
addition, several natural fiber–strengthening materials lack 
the rigidity and strength required to keep the limb in place 
during prosthetic usage. To address this problem, hybrid 
materials containing natural fibers and artificial (glass, car-
bon, and perlon) were developed [14, 15].

Despite the advancement of natural materials from tra-
ditional resources, natural fiber–laminated materials have 
yet to be used in prosthetic sockets for amputees engaged in 
dynamic movements [16].

Numerous investigations have been conducted to find 
acceptable composite substances for socket manufacturing. 
Al-Khazraji et al. investigated the fatigue and tensile char-
acteristics numerically, theoretically, and experimentally. To 
make efficient prosthetic sockets for the lower limbs, the 
matrix material of these composites was strengthened with 
woven fibers and particles, including perlon, glass, carbon, 
and hybrid (carbon and glass) silica nanoparticles. The find-
ings demonstrate that altering the kind of reinforcement sig-
nificantly affects the measured parameters [17]. Sattar M. 
A. et al. investigated ideal composite materials, particularly 
concerning fatigue loading resistance, for through-knee (TK) 
prostheses. Fabrics made of carbon, perlon, and fiberglass 
make up the reinforcement. Tensile, fatigue, and bending 
tests were among the mechanical tests used to evaluate the 
durability of these laminates. The findings demonstrated 
that TK prostheses can enable better socket fitment prac-
tices and the development of customized prostheses spe-
cific to the patient’s sockets [18]. Oleiwi et al. investigated 
lamination groups with varying layering combinations using 
tensile testing to examine the impacts of using hybrid fib-
ers and adding more layers in an experimental, theoretical, 
and numerical approach. In addition to enabling the pro-
duction of high-performance biocomposites by integrating 
natural and artificial reinforcement, the study revealed that 
the quantity and kind of fibers affected mechanical qualities. 
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The theoretical and experimental results were in agreement 
with the FEM results [19]. Afroza Khatun et al. studied the 
physical, mechanical, and thermally processed degrada-
tion and morphological properties of hybrid composites 
reinforced with palmyra palm fiber and date palm fruits. 
Tensile, weight, water absorption, FTIR, SEM, DSC, and 
thermogravimetric evaluation (TGA) were used to achieve 
this. Compression molding was used to make the composites 
at different weight percentages (5, 10, 15, 20, and 25 wt.%) 
of fiber volume. According to analyses, composite hybrids 
with 5% fiber volume have the best-achieved properties [20]. 
Appadurai et al. produced sockets that are used in a knee 
prosthesis. An 80:20 resin blend of perlon, carbon, Kevlar, 
and fibers from Kenaf was employed to achieve the great-
est effectiveness. This material can be utilized to construct 
structures with a suitable design, adequate mechanical quali-
ties, and long-term endurance. The samples were subjected 
to tensile, bending, and shock testing [21].

For the prosthetic to function as best it can, the socket 
must be able to move. Any motion between the remaining 
limb and the socket will make successful ambulation chal-
lenging, leading to pain and exhaustion. This is because 
the forces generated by the remaining limb throughout gait 
movement must be appropriately transferred from the limb 
to the prosthetic. A well-known phenomenon in material 
fatigue is that even when the maximum stress is lower than 
the proof or yield stress, many stress fluctuations at a sin-
gle location can produce rupture. Tensile stress at a macro 
or micro defect causes the fracture. Patients desire the best 
possible fit, maximum comfort, and maximum effectiveness 
from their prosthetics. The prosthesis also needs to be visu-
ally appealing and portable. During cyclic walking stresses, 
nearly all prosthetic malfunctions are fatigue-related.

This article examines how material type affects trans-
tibial prosthetic sockets’ tensile and fatigue properties (S–N 
curve, strain energy-N, and fatigue limit). It does this by 
measuring the structural strength of the socket using experi-
mental, numerical, and theoretical methods for six different 
reinforcements (perlon, carbon, glass, coir, rami, and pine-
apple fibers) using epoxy polymer as a matrix. The goal is 
to determine the best candidate to improve the fatigue char-
acteristics of the trans-tibial prosthetic socket and the ideal 
combination of reinforcement and matrix fibers.

It was determined that the composites (pineapple with 
carbon reinforcements) may provide inexpensive and 
long-lasting prostheses by producing the best experimen-
tal, numerical, and theoretical findings, making it the most 
likely option to enhance the trans-tibial prosthetic socket’s 
fatigue and mechanical properties. This evaluation provided 
extensive information, covering the most current material 
advances, particularly the impact of natural fiber–reinforced 
composites for prosthetic uses. This could enable readers to 

identify several untapped possibilities that could help invent 
novel and innovative technologies in this area of research.

Methods

Experimental Methodology

The research’s experimental methodology comprised as 
follows.

Materials

The following materials are utilized in the production of 
AK prosthetics and orthopedic devices: glass-woven fabric 
(element health care 616G3), Perlon-woven fabrics stockinet 
white (element label is (623 T5), carbon-woven fabrics (uni-
directional reinforcements that are woven where all fibers 
seriatim in a single, parallel path), epoxy polymer (consider 
Supreme for producing lightweight yet extraordinarily dura-
ble orthoses and prostheses), hardening powder (Health Care 
item 617P37), and both outer and inner adaptable polyvinyl 
acetate (PVA) bags. Otto Bock’s business provided all the 
materials above.

Rami fiber, coir fiber, and pineapple fiber (as a woven 
mat produced by Changzhou Doris Textiles Co., Ltd.) were 
immersed in a 5% sodium hydroxide solution for approxi-
mately 2  h at ambient temperature. This improved the 
mechanical properties of preparing high-performance natu-
ral fiber composite boards by increasing the fibers’ tensile 
strength, longevity, and attraction to the matrix. They were 
extensively cleaned under running water after the alkaliza-
tion process.

Equipment Utilized in This Study

The equipment involves a gypsum mold that creates rec-
tangular specimens with 20, 26, and 5  cm3 dimensions; the 
engine and holder for the mold structure are the mechanisms 
for discharging the captured pressure and air, mechanical 
factories where samples are made, cut, and assembled. A 
CNC cutting instrument cuts the samples to the requisite 
dimensions. These workshops also handle the assembly of 
prosthetic limb elements in addition to equipment for fatigue 
and tensile testing of samples.

Sample Preparation for Testing

Composite laminated groups were created using the vac-
uum-bagging technique. To prevent the formation of bub-
bles inside the specimens, the mold was tightly attached and 
linked to pressure vacuum devices, with the link made via 
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pipes, as illustrated in Fig. 1A. The PVA layer was posi-
tioned on the mold to aid in insulating the fibers soaked 
with the matrix from the mold and prevent it from sticking, 
and then pressure taps were released to 40 kPa at room tem-
perature. Reinforcement layers were applied as illustrated in 
Table 1. A sheet of PVA bag was placed above the compos-
ite material layers. According to the manufacturer’s guide-
lines, the epoxy resin was mixed with hardening powder 
and injected into the mold. Figure 1B, C illustrates that the 
silicone string closed the bag. After an hour, the completed 
composite specimen was removed and cut with an electrical 
saw. Figure 1D shows the process we used to cure compos-
ite laminates from various fabrics. The appropriate volume 
fractions were calculated using the reinforcement and matrix 
weights.

The method of production used in this study ensures that 
fiber orientations in a laminate are evenly distributed; the 
material’s strength and stiffness remain consistent irrespec-
tive of the direction of the load. This is known as quasi-
isotropic characteristics.

Tensile Test

This test was critical in gathering the mechanical proper-
ties needed as the data needed for the numerical analysis. 
A stress–strain curve was acquired for every sample by 
employing the tensile test. It is applied to evaluate tensile 
features, such as ultimate tensile strength (UTS), elastic 
modulus (E), and specific strength and modulus values at 
the break for these samples. This test is carried out following 

Fig. 1  A–D The different stages 
of samples’ fabrications

.

B
A

D

C

Table 1  Groups utilized in laminations

No. of lamination Lamination lay-up Name Lamination lay-up procedures

Lamination 1 4 perlon + 3 coir + 2 carbon (COC) (2P + 1 CO + 1 C + 1 CO + 1 C + 1 CO + 2P) layers
Lamination 2 4 perlon + 3 coir + 2 fiber glass (COG) (2P + 1 CO + 1G + 1 CO + 1G + 1 CO + 2P) layers
Lamination 3 4 perlon + 3 rami + 2 carbon (RC) (2P + 1R + 1 C + 1R + 1 C + 1R + 2P) layers
Lamination 4 4 perlon + 3 rami + 2 fiber glass (RG) (2P + 1R + 1G + 1R + 1G + 1R + 2P) layers
Lamination 5 4 perlon + 3 pineapple + 2 carbon (PIC) (2P + 1Pi + 1 C + 1Pi + 1 C + 1Pi + 2P) layers
Lamination 6 4 perlon + 3 pineapple + 2 fiber glass (PIG) (2P + 1Pi + 1G + 1Pi + 1G + 1Pi + 2P) layers
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ASTM D638 at ambient temperature with a 5 kN load and a 
strain rate of 1 mm/min [22].

Eighteen standard samples were constructed in the present 
investigation. The University of Technology’s Materials Divi-
sion conducted the test using a testing apparatus from Instron, 
and the load was maintained until the break happened.

Fatigue Test

Alternate bending fatigue with a steady amplitude is a 
fatigue testing apparatus. One side of the samples was fixed 
while the other was exposed to flexion perpendicular to the 
samples’ axis, resulting in bending stresses.

The fatigue test may fail when a flat sample breaks under 
alternate loading. The University of Technology’s Materi-
als Division conducted the test using a cyclic fatigue testing 
device (HSM20, 1400 rpm, 230 V voltage, 20 Hz frequency, 
0.4 kW power) at ambient temperature with a stress ratio of 
R = 1. The machine’s handbook depicts the fatigue standards 
sample test in Fig. 2 [23].

Finite Element Analysis (FEM) Numerical Analysis

The finite element methodology, which takes advantage 
of the quick advancement of computer systems with high 
memory capacities and fast computing, is currently widely 
employed in many scientific and engineering domains. The 
method’s abilities, encompassing complicated geometrical 
constraints and non-linear material characteristics, have 
made it one of the most potent numerical techniques [24]. 
Three separate processes make up the ANSYS analysis: 
simulating the socket's design in the initial stage, classify-
ing the load and finding a solution in the second stage, and 
evaluating the outcomes in the third stage [25, 26].

To study the patients’ motion mechanisms, the socket 
architecture was split into four fundamental groups (anterior, 
posterior, lateral, and medial) depending on their bearing 

weight characteristics. Next, while each patient moved at 
a pace that they chose for themselves, interface pressures 
across the residual leg and the socket were recorded [27].

Utilizing the ANSYS program, the numerical method 
assessed the definitions of fatigue of substances used for 
prosthetic production. First, the model specimen for com-
posite materials had to be meshed. Next, the fatigue char-
acteristics of the material were assessed by inputting the 
mechanical characteristics of the composites, which were 
reviewed through an experimental approach [28, 29].

The modeled prosthetic socket’s dispersion is provided using 
the finite element method for the following parameters: equiva-
lent alternating, maximum shear stress, and total deformation, 
fatigue life, and safety factor. The socket model assessed the 
numerical characteristics as the boundary condition. As seen 
in Fig. 3, the boundary condition was imposed as a fixed base 
at the lower surface, more precisely, at the bottom point of the 
socket. The load utilized by the ANSYS® Workbench program 
will be set at the socket adapter. As seen in Fig. 3, the interface 
pressure is dispersed based on specific places.

This work uses finite element modeling with ANSYS® 
Workbench 16 technology as a numerical instrument to show 
how pressure and deformation affect a structural component 
and how the suggested bidirectional woven fabric-strength 
model behaves. The model was constructed on a 25-year-
old man who weighed 77 kg and had been amputated above 
the knee. The procedure is classified as a lengthy above-
knee amputation because of the 26 cm length of the stump. 
A three-dimensional socket model is created based on the 
precise geometrical measurements of the amputee stump, 
as demonstrated in the example given in reference [31]. 
The model is tested at the most dangerous load conditions 
throughout the heel contact gait cycle. Data were arranged 
in a layered pattern on the socket planes in Fig. 3, according 
to pressure. The tensile test yields the mechanical character-
istics of the groups used, and the law of mixture is used to 
calculate density and Poisson’s ratio, as indicated in Table 2 

Fig. 2  Two sets of natural fiber 
specimens before the test
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[27, 28]. The meshing process was finished by choosing the 
volume and setting the model’s character to “automatic 
meshing,” as seen in Fig. 4. Interaction pressure was applied 
at specific positions. As seen in Fig. 4, this mesh includes 
8935 elements and 18,138 nodes, providing various ANSYS 
features and a node count.

Theoretical Part

The theoretical section of the piece is based on the ideas and 
concepts listed below.

Goodman Relationship

The correlation between the mean stress and fatigue limit 
has been described via empirical relations [32]: where:

(1)
�a

�e

+
�m

�ts

= 1

Fig. 3  Position of applied pres-
sure and boundary conditions 
[30]

Table 2  Characteristics of the composites employed

Lamination Density (g/cm3) Poisson’s ratio Yield 
strength 
(MPa)

COC 1.233 0.335 140
COG 1.276 0.272 83
RC 1.125 0.341 41
RG 1.134 0.332 60
PIC 1.225 0.321 420
PIG 1.266 0.277 172

Fig. 4  The meshed artificial socket
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avon Mises equivalent stress or stress amplitude.
eendurance limit stress.
mmean stress.

Fatigue Ratio (Rf)

The proportion of the tensile stress to the endurance limit 
is known as the fatigue ratio (Rf) [33]:

Safety Factor (SF)

An effective engineering design must always take safety 
into account. It aims to consider factors at every engineering 
design and production stage. The degree to which the safety 
variables vary depends on the condition [30].

Failure within the design period is indicated when the 
stress in a specific location of the model exceeds the mate-
rial's strength limitation [34]. This increases the likelihood 
that the stress in a particular area of the model will go 
beyond the material's strength limit. The following formula 
can be used to determine the theoretical safety factor.

Failure Index (K)

One of the most important design criteria for composite 
structures is failure analysis. Several requirements have 
been proposed to predict composite failure. The probable 
failure areas for the composite laminate design are dis-
played by the scalar quantity known as the failure index. 
The failure index can be positive or negative. You should 
have a failure index with a value below 1. The layers may 
fail in regions where the failure index is higher than 1 
[35].

The failure index, or the percentage of vonMises stress 
to investigate failure strength, can be computed using Eq. 
(4) [36]:

(2)FatigueRatio
(

Rf

)

=
Endurancelimit

(

�e

)

TensileStrength
(

�ts

)

(3)Theoreticalsafetyfactor = (ExperimentalFailurestrength)∕(vonMisesstress)

(4)
FailureIndex(k) = (vonMisesStress)∕(ExperimentalFailurestrength)

Results, Discussion, and Implications

Experimental Results

Physical Characteristics of Specimens

Electronic Vernier and weighing devices estimate the sam-
ples’ weight and thickness, and the law of mixture computes 
the volume fractions [36, 37]. The weights were determined 
using Archimedes’ approach, and the density was deter-
mined using the ASTM (D-792 standards).

Table 3 illustrates the effect of prosthetic socket reinforce-
ment on average thickness. Nevertheless, none of the rein-

forcing materials significantly differed. The heaviest type of 
reinforcing is hybrid (coir glass), while hybrid (rami carbon) 
was the thinnest [38, 39].

Table 3 compares volume fractions with various reinforc-
ing materials and layer numbers. The uppermost volume 
fraction is instituted in the coir glass strengthening samples, 
while the lowest volume fraction is obtained with the rami 
and carbon lamination group. Changing the type of rein-
forcements and increasing the number of fiber layers boosts 
the absorption capacity. The fiber volume fraction results 
validated our analysis [40].

Fatigue Test Results

In this study, the six lamination groups underwent fatigue 
testing. The fatigue tester’s findings disclosed the intervals 

Table 3  Physical assets of the composites of this research

Lamination Thickness (mm) Volume 
fraction 
%

COC 4.3 29.27
COG 4.4 51
RC 2.4 26.31
RG 3 27
PIC 3.7 35.1
PIG 4 46.8
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needed to break the samples. Drawing a curve represent-
ing the results of experiments from fatigue tests yields the 
fatigue S–N curve [41, 42]. The testing fatigue stress of the 
specimens, along with the number of cycles at which the 
fracture occurred from each lamination, are displayed in 
Figs. 5, 6, and 7. The instruments used to test for fatigue 
revealed that the number of repetitions in fatigue failure 
increases as fatigue failure stress decreases, suggesting that 
using hybrid materials can change fatigue life and strength. 
These curves are attained by fitting the fatigue test’s 

experimental statistics, utilizing the logarithmic method 
[18].

The fatigue limit, also known as the endurance limit, is 
the stress level below which a material can withstand an infi-
nite number of loading cycles without failing due to fatigue. 
It was discovered by testing samples to establish the maxi-
mum stress at which the material does not fracture after a 
predetermined number of cycles [34].

Figure  8 demonstrates the kinds of reinforcements 
and their fatigue limits. The elastic modulus of rami fiber 

Fig. 5  Experimental fatigue 
stress of epoxy matrix rein-
forced with coir fiber reinforce-
ment

Fig. 6  Experimental fatigue 
stress of epoxy matrix rein-
forced with pineapple fiber 
reinforcement

Fig. 7  Experimental fatigue 
stress of epoxy matrix rein-
forced with rami fiber reinforce-
ment
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reinforcements differed from that of coir and pineapple 
reinforcements, leading to better fatigue performance. This 
may be explained by the bonding strength’s character and 
the enhancing process, which provides seamless contact 
between the matrix and the reinforcing materials [43].

Notably, the fatigue properties of natural fibers were 
enhanced by adding glass and carbon fibers, with the carbon 
fiber showing a modification of the fatigue performance of 
composite materials. Rami hybrid specimens can support 
greater loads because carbon fibers have a better modulus 
of elasticity and resilience to crack development than the 
matrix material. A material’s fatigue strength depends on 

how stiff it is. As stated, materials possessing a greater mod-
ulus of elasticity also exhibit greater fatigue strength [44].

Generally, the fatigue limit is proportionate to their ten-
sile strength; henceforth, materials with greater ultimate ten-
sile strength retain a greater fatigue limit [45]. Lamination 
for RC has a superior fatigue life, as can be seen. These find-
ings showed that the recommended model’s fatigue strength 
was greater than the other laminations [43].

Tables 4, 5, and 6 show the descriptive statistics (std. error, 
std. deviation, minimum, mean, and maximum) and one-way 
ANOVA (p-value across groups) for the fatigue strength test. 
The findings were statistically assessed utilizing one-way 

Fig. 8  Fatigue limit of epoxy 
matrix composite with different 
reinforcements

Table 4  Statistical analysis of 
fatigue test

Groups N Mean Std. deviation Std. error Minimum Maximum P-value 
between 
groups

Epoxy + Co + C 1 3 54.00 2.000 1.155 52 56 .000
2 3 46.00 2.646 1.528 43 48 (VHS)
3 3 37.00 2.000 1.155 35 39
4 3 32.00 2.646 1.528 29 34
5 3 28.00 4.359 2.517 25 33
6 3 25.00 5.568 3.215 19 30
7 3 21.00 2.646 1.528 19 24
8 3 18.00 2.646 1.528 15 20
9 3 15.00 2.000 1.155 13 17

Epoxy + Co + G 1 3 40.00 3.000 1.732 37 43 .000
2 3 37.00 2.646 1.528 35 40 (VHS)
3 3 33.00 1.000 .577 32 34
4 3 31.00 1.000 .577 30 32
5 3 28.00 1.000 .577 27 29
6 3 24.00 1.000 .577 23 25
7 3 21.00 1.000 .577 20 22
8 3 17.00 1.000 .577 16 18
9 3 14.00 1.000 .577 13 15
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ANOVA in SPSS. Given that fatigue stress is usually linked 
to tensile load, the results showed that the mean values of 
fatigue stress for the laminated groups strengthened with rami 
and pineapple fibers were higher than those for coir fiber. The 
increased tensile strength may explain this [44]. Furthermore, 

the RC group’s fatigue stress (83 MPa) was greater than that 
of the glass-fiber-reinforced group (44 MPa). The cavitation 
mechanism, which causes the rubbery mix particles close 
to the crack tip to expand and absorb a large portion of the 
energy, is responsible for these greater fatigue characteristics, 

Table 5  Statistical analysis of 
fatigue test

Groups N Mean Std. deviation Std. error Minimum Maximum P-value 
between 
groups

Epoxy + Pi + C 1 3 80.00 3.606 2.082 77 84 .000
2 3 69.00 2.000 1.155 67 71
3 3 58.00 2.000 1.155 56 60
4 3 47.00 2.646 1.528 44 49
5 3 38.00 2.000 1.155 36 40
6 3 32.00 2.646 1.528 29 34
7 3 28.00 1.000 .577 27 29
8 3 25.00 2.000 1.155 23 27
9 3 23.00 2.000 1.155 21 25

Epoxy + Pi + G 1 3 47.00 2.000 1.155 45 49 .000
2 3 42.00 1.000 .577 41 43 (VHS)
3 3 37.00 2.000 1.155 35 39
4 3 33.00 3.000 1.732 30 36
5 3 30.00 3.000 1.732 27 33
6 3 26.00 2.000 1.155 24 28
7 3 24.00 1.000 .577 23 25
8 3 22.00 2.000 1.155 20 24
9 3 18.00 1.000 .577 17 19

Table 6  Statistical analysis of 
fatigue test

Groups N Mean Std. deviation Std. error Maximum Minimum P-value 
between 
groups

Epoxy + R + C 1 3 83.00 2.000 1.155 81 85 .000
2 3 72.00 2.000 1.155 70 74 (VHS)
3 3 63.00 2.000 1.155 61 65
4 3 56.00 2.000 1.155 54 58
5 3 46.00 3.606 2.082 43 50
6 3 39.00 1.000 .577 38 40
7 3 32.00 3.000 1.732 29 35
8 3 29.00 2.646 1.528 27 32
9 3 25.00 1.000 .577 24 26

Epoxy + R + G 1 3 44.00 2.000 1.155 42 46 .000
2 3 41.00 2.000 1.155 39 43 (VHS)
3 3 38.00 4.000 2.309 34 42
4 3 35.00 5.000 2.887 30 40
5 3 31.00 2.646 1.528 28 33
6 3 28.00 2.000 1.155 26 30
7 3 26.00 2.000 1.155 24 28
8 3 23.00 1.000 .577 22 24
9 3 19.00 2.000 1.155 17 21
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boosting fracture toughness. This may help explain the differ-
ences between the RC and RG groups because of the improved 
mechanical properties of adding these reinforcements, which 
have greater strength and improved contact with the epoxy 
matrix [8]. A difference (VHS) (p ≤ 0.001) has been observed 
between the groups and the coir fiber–strengthened laminated 
groups.

Numerical Results

Fatigue Life Results

The numerical fatigue life calculations for the different com-
posites with different reinforcement components are dis-
played in Fig. 9A, B. The possible life for a specific fatigue 
analysis is shown as fatigue life. The fatigue response of 
composite materials modified by rami fiber reinforcement, as 
seen in Fig. 9A, was higher than that of composite materials 
modified by strengthened coir or pineapple fibers, achieving 
a maximum value with laminate (RC) of 10.5 MPa. This 
finding may indicate adequate bonding among the fibers 
and matrix, where fatigue characteristics can be enhanced 
by applying an alkaline treatment [46]. It is clear that the 
kind of reinforcement significantly affects the resilience to 
fatigue of all laminate groups. Coir fiber–based composites 
have a lower fatigue life because these fibers typically have 
poor tensile strength and stiffness due to less cellulose and 
hemicellulose. Furthermore, poor bonding contact between 
the polymer and fibers in the matrix might clarify the vari-
ance between the CCO and COG groups [47].

Counterplots displayed the general dispersion of life 
across the socket for every composite utilized in this inves-
tigation, as illustrated in Fig. 9B. The life at that level will 
be considered in stress life assessment with a constant mag-
nitude if the equivalent alternating stress is less than the 
minimum alternating stress determined by the curve of S–N 
curve [22].

Fatigue Factor of Safety Results

The static analysis results serve as the primary foundation 
for the fatigue assessment. The maximal stress encountered 
in fatigue analysis, which allows one to determine how long 
the prosthetic socket will tolerate fatigue stressors by calcu-
lating the load factor, is known as the principal stress [48].

The minimum safety factor for every composite is shown 
in Fig. 10A, where it is evident that the composites with 
the lowest safety factors were 0.882, 3.36, and 5.46, respec-
tively, that were the pineapple with carbon reinforcement, 
the coir with glass reinforcement, and the coir with carbon 
reinforcement. Since every material has reached maximum 
safety factor values equal to 15, guaranteeing that failure will 

not occur before the design life has been met, all materials 
are considered safer composites, and this could be attributed 
to the fibers possessing greater mechanical requirements 
than the matrix. In addition, the volume fraction of the fib-
ers inside the cross-sectional area rises due to an alteration 
in the reinforcement kind and the addition of more layers 
[49, 50]. The general distribution of the composite’s secure 
and risky areas safety factor across the prosthetic socket for 
the material utilized in this investigation was shown using a 
counterplot (Fig. 10B).

Equivalent Stress (von Mises Analysis Stress) Results

Thanks to the von Mises stress assessment, we were able 
to determine the quantity of stress created and comprehend 
how the stress spread throughout the socket. Equivalent 
alternating stress, after considering fatigue loading form, 
R-ratio impacts, and additional fatigue analysis variables, 
is used to construct the fatigue S–N curve for numerical 
evaluation. The last number determining the fatigue life is 
equivalent to alternating stress [49].

Figure 11A displays the outcomes of correlating the 
equivalent von Mises stress produced for the composites. 
Maps of contours depicting the general distribution of von 
Mises stress and the estimated location and size of the severe 
von Mises stress are shown in Fig. 11B. The results indicate 
that the highest stress generated in the socket is 26.21 MPa 
at the center of the anterior portion of the tibia bone; how-
ever, the posterior, lateral, and medial portions contribute 
to a lower pressure than the anterior portion. Hybrid (rami 
carbon) displayed the highest equivalent stress with (26.212 
MPa), and the increase could be attributed to carbon and 
rami fibers’ high strength and stiffness. Meanwhile, lami-
nation (coir + glass) layers and medial and lateral portions 
created the lowest equivalent stress (25.57 MPa) [50].

Maximum Shear Stress Results

Figure 12A presents the maximum shear stress for each 
of the six kinds of lamination models. At the center of the 
anterior region of the tibia bone, the highest shear stress 
generated by the socket is 14.008 MPa for the (rami + car-
bon) lamination group due to having a greater resistance to 
bending than the matrix. However, Lamination 1 (2Perlon 
+ 1 Coir + 1 Carbon + 1 Coir + 2Perlon) layers have the 
lowest equivalent strain (13.5 MPa), whereas the medial, 
posterior, and lateral sections contribute to pressure that is 
less than the anterior part [51].

Figure 12B shows each of the six composites’ contour 
plots, illustrating the maximum shear stress’s general dis-
tribution across the material and its probable position and 
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Fig. 9  A Numerical results of 
composites fatigue life. B Speci-
mens of contours of laminations 
fatigue life
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Fig. 10  A Numerical results 
of composites safety factor. B 
Specimens of contours of lami-
nations safety factor
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Fig. 11  A Numerical equivalent 
von Mises stress distribution. 
B Analysis of equivalent von 
Mises stress of the socket
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Fig. 12  A Numerical maxi-
mum shear stress of laminated 
groups. B Analysis of numerical 
maximum shear stress of the 
socket
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Fig. 13  A Numerical total 
deformation of lamination 
groups. B Contours of total 
deformation distribution of 
lamination groups
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magnitude. The figures show that the uppermost values of 
maximum shear stress are focused on lateral and basal sock-
ets [50].

Fatigue Total Deformation Results

The findings of the types of reinforcements used in these 
unique lamination groups and the total deformation obtained 
for every specimen are shown in Fig. 13A. Lamination 2 has 
the highest perceptible deformation value at 6.39 mm, while 
Lamination 4 exhibits the lowest overall deformation at 0.42 
mm [52]. It is demonstrated that the deformation value dif-
fers according to the kind of reinforcement in various layers. 
When assessing laminates with an identical number of lay-
ers, the deformation in the laminated materials with carbon 
fiber is lower than the deformation in the laminated materials 
with glass fiber. The deformation value decreased because 
of a rise in Young’s modulus. Additionally, the material 
strengthened with natural fibers provides testimony of the 
deformation significance because carbon fibers have better 
mechanical properties and can support higher external loads 
than glass fibers.

It is significant to point out that the socket’s deformation 
numbers are appropriate when utilizing these composites, 
since, to give the patient’s skin convenience, the socket must 
be deformed within a range of the values above when dis-
persed on the interface pressure. Conversely, the lowest level 
originated in the basal plane of the socket [53, 54].

The contour maps of the composites are shown in 
Fig. 13B, which also indicates the probable position and 
the amount of total deformation for each lamination group. 
These plots illustrate the total amount of deformation across 
the material. These figures show that the lateral plane of 
the socket contains the greatest values of total deformation, 

while the base of the socket includes the lowest values of 
overall deformation [18].

Theoretical Results

Failure Index (K)

Figure 14 illustrates the connection between the kind of 
reinforcement and the failure index. The whole extent of 
deformation throughout the material is depicted in these 
figures. The lateral plane of the socket has the highest val-
ues of overall deformation, whereas the base of the socket 
has the smallest values, as seen in these figures. The hybrid 
(coir + glass) lamination group showed a higher failure 
index than the remaining groups with 0.297, which can be 
explained by the phenomena of thermal cycling that might 
have resulted in polymer/matrix interface bonding breaking 
or the composite delaminating [6, 55]. Hybrid (pineapple 
carbon) showed the lowest, at 0.061, due to carbon fiber’s 
outstanding fatigue qualities and chemical and thermal sta-
bility [56].

Factor of Safety (SF)

Figure 15 shows that the theoretical safety factor was 
acquired fully to understand the newly suggested mate-
rials’ performance. The (pineapple + carbon) laminated 
group obtained the highest theoretical safety factor. 
Because of the remarkable qualities of carbon fiber, the 
blend of pineapple and carbon fiber produced the best 
results out of all the laminations. All groups generally 
demonstrated significant conformance as determined by 
theoretical and numerical variables. However, lamination 
with coir natural fiber had the lowest safety factor at 3.36. 

Fig. 14  Theoretical failure 
index of different prosthetic 
composites
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This could indicate that a part or structure may not be able 
to sustain any further load when the design load is met and 
could gradually fail [57, 58].

Fatigue Ratio (Rf):

Figure 16 illustrates the connection between the kind of 
reinforcement and the fatigue ratio; the results clearly 
show that the composite with the glass reinforcement and 
coir had the greatest fatigue ratio, at 0.22. The hybrid (coir 
+ glass) lamination group showed a higher fatigue ratio 
than the remaining group, and this can be explained by 
the fact that natural coir fiber has the lowest mechani-
cal characteristics, in addition to poor contact bonding at 
the interface between fiber and matrix. These materials’ 
tensile strength and fatigue limit match the experimental 
findings [59, 60, and 61].

Limitations and Future Scope of the Study

Information access is limited, and time is restricted. How-
ever, examining the mechanical properties of several natu-
rally enhanced composites and analyzing finite elements on 
many models with varying genders, maturity, and amputa-
tions is possible.

Conclusions

As an alternative to traditional and artificial compos-
ites in the prosthesis socket production method, natural 
fiber–strengthened composites can offer lighter substances 
with more specific strength, stiffness, security, and envi-
ronmental sustainability. These materials have more pos-
sibilities for usage in mild load-bearing and structural 
applications. The following is a summary of the main 

Fig. 15  Theoretical safety factor 
of prosthetic socket lamination 
samples
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conclusions: rami fiber–reinforced composites are the best 
option to enhance the fatigue properties of a prosthetic 
socket since they produce the best experimental, numeri-
cal, and theoretical findings. Thermal degradation from the 
specimen’s self-heating and micromechanical degradation 
(crack formation and progression) from repeated loading 
are the main causes of fatigue damage in coir fiber–rein-
forced polymer matrix composites. A material with good 
mechanical qualities must be utilized because these fea-
tures strongly influence the fatigue life of a prosthesis. 
Because of its mechanical and physical attributes, employ-
ing woven carbon fiber cloth is beneficial. The prosthetic 
sockets are secure if they have a minimal factor of safety 
of 3.36, which was determined by fatigue analysis utilizing 
the suggested material. The fatigue attributes of laminated 
composites were evaluated using an experimental tech-
nique that demonstrated excellent agreement with numeri-
cal fatigue findings.
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